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Summary
Objectives: Our primary objective was to explore the full potential of the ovine medial meniscectomy (MMx) model of early osteoarthritis (OA)
for studies to validate non-destructive articular cartilage (AC) assessments and therapeutic interventions. Our secondary objective was to
re-evaluate the relationships between the different types of AC assessment after MMx in sheep.
Methods: Macroscopic assessments, dynamic shear modulus (G*), phase lag and AC thickness measurements were performed at a total of
5437 reference points on all six articular surfaces in four normal joints and 16 MMx ovine stiﬂe (knee) joints. Comparisons with histologic
assessments of gross structural damage, collagen organisation (birefringence) and proteoglycan content were possible at 702 of these points.
Results: Histologic gross structural damage and proteoglycan loss were seen throughout the joint with greatest severity ( ﬁbrillation) in closest
proximity to the MMx site. Increases in AC (30e50%) thickness, reductions in G* (30e40%) and collagen birefringence intensity (15e30%)
occurred more evenly throughout the joint. Macroscopic softening was evident only whenG* declined by 80%.G* correlated with AC thickness
(r ¼ 0:47), collagen organisation ðr ¼ 0:44), gross structural damage (r ¼ 0:44) and proteoglycan content (r ¼ 0:42). Multivariate analysis
showed that collagen organisation contributed twice as much to dynamic shear modulus (t ¼ 6:66) as proteoglycan content (t ¼ 3:21).
Collagen organisation (r ¼ 0:11) and proteoglycan content (r ¼ 0:09) correlated only weakly to phase lag.
Conclusions: Macroscopic assessments were insensitive to AC softening suggesting that arthroscopic assessments of AC status might also
perform poorly. Collagen integrity was more important for the maintenance of AC stiffness (G*) than proteoglycan content. The development of
major AC softening and thickening throughout the joint following MMx suggested involvement of non-mechanical (e.g., protein and
biochemical) chemical and cytokine mediated processes in addition to the disturbance in biomechanical loading. The ovine MMx model
provides a setting in which the spectrum of AC changes associated with the initiation and progression of OA may be evaluated.
 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Biomechanical, histologic and macroscopic assessments of
articular cartilage (AC) are common tools which have been
used to investigate the pathogenesis and potential treat-
ments of osteoarthritis (OA). Yet the relationships between
these tests and the temporal changes which occur after
induction of OA have not been fully explored.
Dynamic shear modulus (G*)1 and phase lag are
measures of the integrity of the AC macromolecular matrix
(intrinsic stiffness)2. Previous work has shown that collagen
integrity is the principle determinant of dynamic shear
modulus and that proteoglycan content also contributes2e4,
however, the relative contribution of these two matrix
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Received 24 June 2003; revision accepted 8 May 2004.667components has not been directly compared. Histologic
assessment of AC using simple histochemical stains has
long been used as a method for assessing AC structural
damage and proteoglycan content5e8. Histologic assess-
ment of collagen birefringence under polarised light has
been used to indicate the earliest stages of collagen
disorganisation that is thought to occur before the de-
velopment of gross AC structural damage9,10. The intensity
of collagen birefringence has also been shown to correlate
with biomechanical properties including dynamic shear
modulus11,12. Macroscopic characteristics have been re-
garded as a gold standard for the validation of MRI and
arthroscopic damage13,14 and has been used as a measure
of outcome in therapeutic trials in OA15. However, the
validity of macroscopic assessments of AC has not been
evaluated.
Meniscectomy has been used to induce and study OA in
several animal models including ovine (sheep) stiﬂe join-
ts16e20. Biomechanical changes have been detected in the
668 S. P. Oakley et al.: Assessment of articular cartilage in a sheep modelpatellar and lateral tibial cartilage of laterally meniscectom-
ised sheep11,21.
As part of a larger study to validate arthroscopic assess-
ments of AC we comprehensively describe the biomechan-
ical, macroscopic and histologic changes that occur
throughout the ovine stiﬂe after medial meniscectomy
(MMx) and explore the relationship between these three
forms assessments in this setting.
Objectives
Our primary objective was to explore the full potential of
the ovine MMx model of early OA for studies to validate
non-destructive AC assessments and therapeutic interven-
tions. This objective was addressed by studying the
changes in AC macroscopic assessments, biomechanical
properties, thickness, light and polarised-light microscopic
ﬁndings throughout the ovine stiﬂe joint over time after
medial meniscectomy. Our secondary objective was to re-
evaluate the relationships between the different types of AC
assessment after medial meniscectomy in sheep.
Methods
ANIMAL MODEL
Eight second generation in-bred Dorset-merino whether
sheep (aged 12e15months) were provided by the University
of New South Wales (UNSW) Biological Resources Centre.
Ethics approval was given by UNSW animal ethics commit-
tee to perform bilateral medial meniscectomy to induce OA.
The sheep underwent arthroscopic assessment before
meniscectomy and repeated occasions until sacriﬁce at 4
weeks (two sheep) and 16 weeks (six sheep by lethal
injection of phenobarbitone). Four stiﬂe joints were obtained
from two un-meniscectomised sheep of the same ﬂock for
use as non-operated controls (NOC). These stiﬂes had not
been examined arthroscopically and were obtained from
sheep in a study of the effects of local injections of bone
morphogenic protein (BMP) intomandibular fracture healing.
While intra-articular injections of BMP are known to result in
AC formation22 and osteophyte growth23 injections into
mandibular fractures were considered unlikely to have any
effect upon the stiﬂe joint. After sacriﬁce, stiﬂe joints were
stored whole at 70(C until cartilage assessments could be
performed.While in storage the specimenswere randomised
and blinded by a researcher not involved in this study. Prior to
assessment, stiﬂe joints were thawed overnight at 4(C. One
investigator (ZS) dissected the joints to remove the menisci
before passing them to a second investigator (SO) for blinded
assessment. Each stiﬂe joint was completely assessed both
macroscopically and biomechanically in a single day.
PREPARATION OF SPECIMENS
AC assessments were performed on the patella (Pat),
femoral trochlea (FT), medial and lateral femoral condyles
(MFC, LFC), medial and lateral tibial plateaus (MTP, LTP).
A band saw was used to separate AC surfaces from the
femur, tibia and patella. Five to tenmillimetres of subchondral
bone was left attached to the AC. Each osteochondral block
was mounted in turn on a base plate using 5-min epoxy resin
and theACsurface keptmoist with saline-soaked gauze. The
remaining sampleswere kept in saline at 4(C for assessment
later on the same day.MAPPING OF GRID REFERENCE POINTS
A grid pattern was projected onto each cartilage surface
using an inverted light projector and a graduated 35 mm
slide. The projection distance was adjusted to map out
a standardised number of rows and columns [see Fig. 1(a)].
The patellar surface had 7 rows by 6 columns, the FT
12!6, medial femur 5!12, medial tibia 6!10, lateral
femur 5!12 and lateral tibia 6!10. If a large chondro-
osteophyte was present on the medial femur or medial tibia
an extra column was included. Each grid reference point
location was marked with a 1 mm diameter spot of Picro
Siruis red dye. The base plate was attached to a universal
jig to permit orientation of the sample while measuring
thickness and biomechanical properties.
MACROSCOPIC ASSESSMENT
The AC at each grid reference point was inspected visually
with the aid of a metal probe. AC was graded as mac-
roscopically ‘‘normal’’ (smooth and ﬁrm), ‘‘softened’’ (smooth
and soft), ‘‘superﬁcially ﬁbrillated’’ (roughened but soft
indicating with less than 50% loss of cartilage thickness),
‘‘deeply ﬁbrillated’’ (roughened and ﬁrm indicating greater
than 50% loss), ‘‘exposed bone’’ ( pink, roughened, hard) or
as ‘‘chondro-osteophyte’’ (smooth, ﬁrm, cartilage raised at
the joint margin). Repeated macroscopic measurements
could not be performed due to the requirement of rapid
specimen processing.
BIOMECHANICAL ASSESSMENTS
The dynamic indentation device (Fig. 2) has been
described and used previously11,12. It incorporates a handle
with a 120 mm long stainless steel tube (4 mm external
diameter) extending from one end. The extremity of the tube
contains a vibration unit with a small non-porous cylindrical
probe (0.5 mm diameter) attached, extending out of the side
of the tube. A single frequency sinusoidal waveform was
applied to the device causing the probe to vibrate at 20 Hz.
The instrument was used to dynamically indent the AC by
pressing the probe against the surface of the tissue with
constant pressure. The system was connected to a com-
puter, which provided graphical output of the biomechanical
parameters. Dynamic stiffness and phase lag data were
collected each time a hand-held switch was activated. Data
were saved in ASCII format. Dynamic shear modulus (G*)
was calculated using the theory published by Hayes et al.24
where
G ¼ DP
Dw
ð1 nÞ
ð4kaÞ
where G* is the dynamic shear modulus (MPa), DP the
change in applied force (N), Dw the change in displacement
(mm), a the radius of indentor (constant) (mm) and h the
cartilage thickness (mm); k is a geometric scaling factor
which is dependent on the aspect ratio of a/h. Values for k
are published in Hayes et al.24. n is Poisson’s ratio which is
dependent on the compressibility of the material being
tested. In fully compressible materials n is 0 (e.g., cork),
while compressible materials have a n of 0.5 (e.g., rubber).
The Poisson’s ratio of cartilage is not constant (0.2e0.5),
increasing with increasing loading rate. However, it had
been demonstrated that there are only marginal changes in
these parameters25 when AC was indented at frequencies
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similar magnitude to the ‘‘instantaneous’’ shear modulus
generated during a step indentation test. As such, the
Poisson’s ratio was assumed to be 0.5. Dynamic stiffness
was calculated from the mean of three measurements taken
at each reference point using the hand-held indentor.
Reliability was calculated from the ﬁrst two sets of bio-
mechanical measurements.
CARTILAGE THICKNESS MEASUREMENT
On completion of the indentation assessment of each
sample, the thickness of the AC was determined using
a needle penetration method similar to that previously
described26. A repeat set of 30 measurements was
performed in a single AC surface to calculate reliability.HISTOLOGIC PREPARATION
Upon completion of macroscopic and biomechanical
assessment 2 mm wide osteochondral blocks of tissue
were cut using a band saw along the row of grid reference
points passing through the area of worst cartilage damage
for each articular surface [see Fig. 1(b)]. An outline of each
block of tissue was traced on paper and the location of the
reference points indicated by arrows to facilitate identiﬁca-
tion of grid reference locations on histologic slides.
A second round of randomisation was then performed so
that histologic assessments were blinded to macroscopic
assessments.
The osteochondral blocks were ﬁxed in 10% (v/v) neutral
buffered formalin at room temperature for 24 h and decal-
ciﬁed with 10% (v/v) formic acid plus 5% (v/v) formaldehydeFig. 1. (a) Medial tibial surface with chondro-osteophyte, softened and ﬁbrillated AC (left), the projected light grid (middle) and reference
point markings (right). (b) Dissection of articular surface for histologic sections and photomicrographs at grid reference points.
(c) Histologic photomicrographs stained with TB for grading of AC structural damage and proteoglycan content. (d) Polarised-light
micrograph showing the intense birefringence originating from the SZ under polarised light (left) and the method of quantitating
birefringence intensity (right).
670 S. P. Oakley et al.: Assessment of articular cartilage in a sheep modelFig. 1. (continued )with continuous agitation and daily solution changes over
8 days. The blocks were washed for 20 min in running water
to remove excess acid and dehydrated through graded
ethanol [70e100% (v/v)] before being double-embedded
in methyl-benzoate and celluloid parafﬁn (Paraplast X-tra,Oxford Labware, USA). Tissue was then inﬁltrated with wax
and embedded in wax moulds. Sections were cut on a rotary
microtome at 4 mm and mounted on glass slides (Superfrost
Plus, LombScientiﬁc, Australia) and dried at 75(C for 15 min
followed by 55(C overnight.
671Osteoarthritis and Cartilage Vol. 12, No. 8Fig. 2. (a) Mean dynamic shear modulus (G*) over time at different articular surfaces. (b) Mean biomechanical phase lag (degrees) over time at
different articular surfaces. (c) Cartilage thickness over time at different articular surfaces. (d) Histologic structural damage (5 point scale) over
time at different surfaces. (e) The extent of histologic structural damage at different articular surfaces (5 point scale). ( f) Mean TB staining
intensity over timed100 indicates normal intensity while zero indicates a complete absence of stain. ( g) SZ collagen birefringence (mean grey
scale intensity). Legend: (aed, f, g) The bars represent the mean of all measurements. The number of observations is indicated by the number
above the bar. One-way ANOVA statistics and P values indicate the overall signiﬁcance of temporal trends. The error bars represent the 95%
conﬁdence intervals of the means. Statistical signiﬁcant differences are present when conﬁdence intervals do not overlap. NOCdnon-
operated control. (e) Each ring in the pie chart represents a different articular surface. The proportions of the different grades of chondropathy
are indicated by different ﬁller styles. Articular surfaces - Patella (Pat), Femoral Trochlea (Tro), Medial Femoral Condyle (MFC), Medial Tibial
Plateau (MTP), Lateral Femoral Condyle (LTP), Lateral Tibial Plateau (LTP).
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Prior to tissue staining, sections were deparafﬁnised in
xylene (three changes of 3 min each) and rehydrated
through graded ethanol (100e70%).
Histologic assessment of AC structural damage
and proteoglycan content
Sections were stained with toluidine blue O (BDH Ltd.,
England) and counter-stained with fast green (Searle
Diagnostic, England) using a modiﬁcation of the method
described by Getzy et al.27. Sections were equilibrated in
70% ethanol for 15 min, stained with a 0.04% (w/v) solution
of toluidine blue (TB), in sodium acetate buffer, pH 4.0, for
10 min, rinsed in water and counter-stained for 1 min in
a 0.1% (w/v) aqueous solution of fast green. Slides were
washed in water, dehydrated in two changes of 99% (v/v)
isopropyl alcohol, cleared in xylene, and mounted with
Eukitt’s mounting media (Lomb Scientiﬁc, Australia). Photo-
micrographs were taken of AC at each grid reference point
on the histologic slides stained with TB [see Fig. 1(b)]. Each
photomicrograph was randomised and blindly graded for
gross structural damage using a system analogous to
macroscopic grades (described above) substituting ‘‘sur-
face abnormalities’’ for softening. Histologic AC structural
damage was also graded using the method of Little et al.8
which employs a 10 point scale (see Table I). AC was
labelled as ‘‘chondro-osteophyte’’ when there were charac-
teristic large swirls of collagen, intense TB staining,
increased thickness and cellularity and complete absence
of the tidemark. The overall reduction in TB staining was
scored using a continuous scale where 100 indicated
normal staining and 0 a complete absence of TB stain.
Territorial and inter-territorial TB staining were also graded
using 4 point scales described by Little et al.8.
Assessment of SZ collagen organisation
Quantitative analysis of birefringence intensity was
conducted on a second set of histologic sections. Sections
were depleted of proteoglycans using bovine testicular
hyaluronidase (ICN Pharmaceuticals, Australia) and
stained with Picro Sirius red (PSR) using a modiﬁcation of
the method described by Junqueira et al.28. Quantitative
analysis of birefringence was conducted using similarmethods to that described by Arokoski et al.9. Full depth
images of the AC at each grid reference point in the
histologic section were collected using a Leica DMLB
polarisation microscope (Leica, Germany). Monochromatic
light with a wavelength of 550 nm was achieved with an
interference ﬁlter (Type: OG 550 nm, Schott, Germany) and
used to trans-illuminate each specimen. With the SZ
oriented at 45( to the lower polarisation ﬁlter, full depth
digital images (256 shades of grey, 700!570 pixel
resolution) were collected using a digital camera (COHU
Table I
Light microscopic histologic scoring method
Method of Little et al. Method for comparison
with macroscopic grades
Description Score Description Score
Normal 0 Normal 0
Slight surface
irregularities
1 Superﬁcial
abnormalities
1
Moderate surface
irregularities
2
Severe surface
irregularities
3
Clefts onto
transitional zone
(1/3 depth)
4
Clefts onto
radial zone
(2/3 depth)
5
Clefts onto
calciﬁed zone
( full depth)
6
Fibrillation and/or
loss to transitional
zone (1/3 depth)
7 Superﬁcial
ﬁbrillation
(!50% loss of AC
thickness)
2
Fibrillation and/or
loss to radial
zone (2/3 depth)
8 Deep ﬁbrillation
(O50% loss of AC
thickness)
3
Fibrillation and/or
loss to calciﬁed
zone ( full depth)
9
Fibrillation and/or
loss to subchondral bone
10 Exposed bone 4
Total TB (0e100): 100 normal staining intensity, 0 complete
absence of stain.
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format. The proﬁle was then normalised by depth (0Zcar-
tilage surface, 1Zcalciﬁed cartilage) and divided into 100
sub-zones to allow direct comparison between proﬁles of
AC of varying thickness. SZ collagen birefringence was
evaluated in each photomicrograph [see Fig. 1(d)]. Seven-
ty-two polarised-light microscopic assessments were re-
peated to determine reliability.
STATISTICAL ANALYSIS
Data were appraised statistically and graphically. One-
way ANOVA was used to determine the signiﬁcance of
differences between assessments in NOC and sheep
sacriﬁced at 4 and 16 weeks. Bar charts were created
showing means with the 95% conﬁdence interval of the
mean to illustrate statistical differences between groups
rather than the ranges of values. Conﬁdence intervals that
do not overlap indicate the presence of statistically
signiﬁcant differences.
The intra-observer reliabilities for each method of
assessment were calculated using intra-class correlation
coefﬁcients (ICC 2.1)29,30 for continuous measures and
quadratic weighted kappa statistics31 for ordinal scales.
Quadratic weighted kappa scores are mathematically
equivalent and comparable to ICC statistics31. Temporal
trends in dynamic shear modulus, AC thickness, collagen
birefringence were illustrated graphically. Dynamic shear
modulus, phase lag and total TB staining were compared to
macroscopic appearance and histologic grade of AC
structural damage32. Correlation coefﬁcients (r)33 and
multiple linear regression32 were used to determine the
relative contributions of effects of AC structural damage
(histologic structural damage score), proteoglycan (total TB
staining intensity), collagen organisation (birefringence) and
AC thickness relationship to the biomechanical properties
(dynamic shear modulus and phase lag). Correlation
coefﬁcients describe the strength of the relationship
between two variables. Multiple regression has the advan-
tage that adjustment is made for confounding effects
between variables permitting evaluation of the relative
importance of different AC properties to the outcome
variable (biomechanical properties). Multiple regression
coefﬁcients describe the nature of the relationship (slope
of the line) between input and outcome variables while the
strength of the relationship is indicated by the P value and
the t statistics. Higher t statistics and lower P values
indicate stronger correlation with, and greater inﬂuence
upon, the outcome variable. The overall ‘‘goodness-of-ﬁt’’ of
the regression model is summarised by the coefﬁcient of
determination (R2) which indicates the proportion of
variability in the outcome variable that has been collectively
explained by the input variables.
Results
Macroscopic appearance and dynamic shear modulus
were assessed at 5437 grid reference points in 20 stiﬂe
joints. Comparison with histology was possible at 702 points.
RELIABILITY
The intra-observer reliability of measurements of dynamic
shear modulus, cartilage thickness, histologic structural
damage intensity of TB staining were good to very good
(ICC 0.64e0.84). Histologic estimates of the AC structuraldamage using Little’s method were slightly more reliable
than those using the ﬁve grade system. Measurements of
phase lag and collagen birefringence were only moderately
reliable (Table II).
TEMPORAL TRENDS
Macroscopic assessments
Macroscopic AC changes were seen at all articular
surfaces. Large areas of softening (MFC, MTP, LTP) and
moderate areas of superﬁcial ﬁbrillation (MFC, MTP, FT)
developed by 4 weeks but did not increase in extent
thereafter. Small areas of superﬁcial ﬁbrillation appeared by
16 weeks at the patella and LFC. Small areas of deep
ﬁbrillation developed by 4 weeks in the medial compartment
and at 16 weeks at the FT. Very small areas of exposed
bone appeared on the MFC and FT by 16 weeks. Large
(MFC, MTP) and small (LTP, FT) areas of chondro-
osteophyte cartilage developed by 4 weeks and had further
small increases up to 16 weeks.
Dynamic shear modulus, phase lag and
cartilage thickness
Large (25e50%) reductions in dynamic shear modulus
(G*) occurred throughout the stiﬂe joint after medial
meniscectomy [Fig. 2(a)]. There was a tendency for G* to
drop rapidly by 4 weeks post-medial meniscectomy and
then stabilise between 4 and 16 weeks at the LFC, MTP
and LTP, however, further reductions occurred after 4
weeks at the other surfaces.
Reductions in the phase lag occurred at all articular
surfaces at all surfaces except the MFC [Fig. 2(b)].
Generally, there was a marked reduction in phase lag by
4 weeks post-meniscectomy followed by stabilisation
between 4 and 16 weeks. However, at the MFC there were
no clear changes while at the MTP reductions occurred
between 0 and 4 weeks but there was a return to near
normal levels by 16 weeks.
Large increases in AC thickness were seen uniformly
throughout the joint. Thickness increases of 15e20% were
Table II
Reliability of different assessments of AC
Assessment/measurement Reliability
Kappa ICC
Macroscopic
assessments
ND
Dynamic shear
modulus (G*)
0.76
Phase lag 0.52
Thickness (mm) 0.77
Histologic structural
damage scores
Method of Little et al. 0.84
Five grades 0.74
Histologic TB staining
Total (0e100) 0.75
Territorial (0e4) 0.64
Inter-territorial (0e4) 0.83
Intensity of collagen
birefringence
0.52
ND: no data. ICC 2.1: two-way mixed effect intra-class correlation
coefﬁcient. Quadratic weighted kappa is the mathematical
equivalent to ICC 2.1 for ordinal data.
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by further increases of similar magnitude between 4 and
16 weeks at most surfaces [Fig. 2(c)].
Histologic assessments of AC
The histologic grade of AC structural damage increased
throughout the joint over time [see Fig. 2(d)]. The greatest
damage was seen at the medial surfaces followed by the
patello-femoral and then the lateral surfaces. Mean damage
scores increased to 0.75e1.25 reﬂecting the preponder-
ance of reference points graded histologically as having
grade 1 changes (minor surface abnormalities) [Fig. 2(e)].
Mean total TB scores decreased over time at all surfaces
[Fig. 2( f)]. The most marked changes occurred at the
medial femoral and tibial surfaces. Reductions in TBstaining did not reach statistical signiﬁcance at the patellar
or lateral tibial surfaces.
The intensity of SZ collagen birefringence decreased at
all surfaces in the stiﬂe joint [Fig. 2( g)]. There was
a tendency for birefringence to drop to a plateau at 4
weeks for the FT and LFC. Scores continued to decrease
after 4 weeks at the MTP and LTP although these trends
were not statistically signiﬁcant. At the MFC, birefringence
increased between 4 and 16 weeks and at the patella
birefringence did not fall until after 4 weeks.
GROSS AC STRUCTURAL DAMAGE AND BIOMECHANICAL
PROPERTIES
Macroscopically normal AC post-MMx was 40% less stiff
than pre-MMx AC [Fig. 3(a)]. Macroscopically ‘‘softened’’Fig. 3. (a) Dynamic shear modulus (G*) for different macroscopic appearances and (b) for different histologic grades of AC structural damage.
(c) Phase lag for different macroscopic appearances and (d) for different histologic grades of AC structural damage. (e) Maximum SZ collagen
birefringence ( ﬁrst measurements) for different macroscopic appearances and ( f) for different histologic grades of AC structural damage. ( g)
Total TB staining intensity for different macroscopic appearances and (h) for different histologic grades of AC structural damage. Error bars
represent 95% conﬁdence intervals of the mean to indicate the signiﬁcance of differences between groups.
675Osteoarthritis and Cartilage Vol. 12, No. 8Fig. 3. (continued )AC was 80% less stiff than pre-MMx AC. Dynamic shear
modulus (G*) then increased as AC macroscopic grade
increased through to exposed bone. Exposed bone and
chondro-osteophyte were around 60% the stiffness of truly
normal AC. Similar trends were seen when dynamic shear
modulus was compared to histologic grade of structural
damage [Fig. 3(b)]. Post-MMx macroscopically and
histologically ‘‘normal’’ AC and AC with minor surface
abnormalities was around 60% the stiffness of normal AC in
pre-MMx joints. Fibrillated AC was softer still and exposed
bone (n ¼ 3) had a reading of zero. Chondro-osteophytes
were around 50% the stiffness of pre-MMx normal AC.
The phase lag of macroscopically normal AC and
chondro-osteophyte in post-MMx joints was lower than truly
normal pre-MMx AC but otherwise there were no signiﬁcant
differences between different grades of chondropathy
[Figs. 3(c) and (d)].
AC STRUCTURAL DAMAGE AND SZ COLLAGEN BIREFRINGENCE
SZ collagen birefringence was clearly reduced in
ﬁbrillated AC and exposed bone. Birefringence was also
reduced in macroscopically softened AC but this was notstatistically signiﬁcant [Figs. 3(e)]. Post-MMx AC had lower
SZ collagen birefringence histologically normal AC before
MMx [Fig. 3( f)]. While pre-MMx AC with histologic
superﬁcial abnormalities had similar SZ collagen birefrin-
gence to post-MMx AC the reduction was not statistically
signiﬁcantly. Both macroscopic and histologic chondro-
osteophyte had similar SZ birefringence to macroscopically
normal AC.
PROTEOGLYCAN CONTENT (TOTAL TB STAINING) FOR
DIFFERENT GRADES OF STRUCTURAL DAMAGE
There were clear trends to lower total TB scores with
increasing grades of structural damage macroscopically
and histologically. Chondro-osteophyte total TB approxi-
mated that of normal AC [Fig. 3( g) and (h)].
MULTIVARIATE ANALYSIS FOR FACTORS INFLUENCING
DYNAMIC SHEAR MODULUS (G*) AND PHASE LAG
There were strong correlations between G* and collagen
birefringence, gross structural damage (5 point scale), TB
staining (0e100), and AC thickness [Table III(a)]. Multiple
676 S. P. Oakley et al.: Assessment of articular cartilage in a sheep modelTable III
(a) Factors affecting (a) dynamic shear modulus (G*) and (b) phase lag
Variable Spearman (r) Regression coefﬁcient 95% CI t P
(a) Factors affecting dynamic shear modulus
Collagen birefringence 0.44 0.008 0.005, 0.010 6.656 0.000
Histologic structural
damage (5 grades)
0.44 0.217 0.346, 0.088 3.313 0.000
Proteoglycan content
(total TB staining intensity 0e100)
0.42 0.007 0.003, 0.011 3.214 0.001
AC thickness (mm) 0.47 0.911 1.121, 0.701 8.503 0.000
Constant 1.801 1.304, 2.300 7.115 0.000
(b) Factors affecting phase lag
Collagen birefringence 0.05 0.013 0.004, 0.022 2.854 0.004
Histologic gross
structural damage (5 grades)
0.11 0.413 0.087, 0.914 1.623 0.105
Proteoglycan content
(total TB staining intensity 0e100)
0.09 0.022 0.038, 0.006 2.781 0.006
AC thickness (mm) 0.23 0.749 1.564, 0.724 1.790 0.074
Constant 16.474 14.538, 18.410 16.709 0.000linear regression analyses indicated that AC thickness had
the greatest effect upon G* followed by collagen birefrin-
gence, TB staining and ﬁnally gross histologic structural
damage. The ﬁt of the regression model was moderately
good (R2 ¼ 0:27) indicating that 27% of the variability in G*
was explained by the variables in the regression model.
Five point scales for territorial TB staining had poorer
correlation with G* (r ¼ 0:30) but inter-territorial TB scores
were equivalent (r ¼ 0:42). Ten point structural damage
scores had marginally better correlation (r ¼ 0:49) but
reduced the R2 of the regression model to 0.23.
Phase lag was inﬂuenced only by collagen birefringence
and TB staining intensity [Table III(b)]. The correlations
were very much weaker and the R2 of the regression model
was quite poor (R2 ¼ 0:04). Different methods of grading
TB staining and structural damage had similar correlations
with phase lag (data not shown).
Discussion
This study comprehensively described the early AC
changes that occur throughout the ovine stiﬂe joint after
medial meniscectomy. The description of temporal change
at different locations revealed the full potential of this model
for further studies of OA. Our approach of using a grid
reference system in the present study permitted a highly
detailed analysis of the relationship between macroscopic,
histologic and biomechanical properties of AC throughout
the ovine stiﬂe after medial meniscectomy. The full spectrum
of degenerative and regenerative processes was measured
in a manner that facilitated analysis of temporal dynamics of
each process.
While arthroscopic assessments were performed on
these sheep, the focus of this paper was to evaluate
a range of non-arthroscopic assessments of AC for possible
use as gold standards in the validation of arthroscopic
assessments. The authors acknowledge that arthroscopic
procedures might conceivably accelerate or impede the
progression of OA. Regardless, this study showed very
clearly that the ovine medial meniscectomy model is well
suited to such studies with a spectrum of substantial
pathological changes occurring across the joint as as-
sessed by a number of forms of evaluation. Gross structural
damage and proteoglycan loss occurred throughout the
joint although changes were most severe in closest
proximity to the primary biomechanical disturbance (themedial meniscectomy site). Gross structural changes in AC
were seen throughout the joint as ‘‘minor surface abnor-
malities’’ although areas of more severe ‘‘ﬁbrillation’’
appeared in the medial compartment. Histologic structural
damage scores rose to a plateau at 4 weeks at the tibial
surfaces, the medial femur and the FT but were more linear
at the patella and lateral femur. Changes in proteoglycan
(TB staining) were also seen throughout the joint but were
most severe in the medial compartment where there were
40e50% reductions. Rapid reductions followed by plateau-
ing occurred at the tibial surfaces but changes were more
linear elsewhere. These changes occurred against a back-
ground of major generalised thickening, softening and
reductions in collagen birefringence. AC thickened by
30e40% throughout the joint. Increases occurred immedi-
ately after meniscectomy and continued after 4 weeks.
Dynamic shear modulus fell by 30e50%. There were
tendencies for a rapid drop to a plateau at 4 weeks at the
tibial surfaces and the lateral femur but elsewhere the trends
were more linear. The intensity of superﬁcial collagen
birefringence fell by 15e30% throughout the joint although
the temporal patterns of change were not so clearly deﬁned.
Previous work by Appleyard et al. has evaluated AC
changes in laterally meniscectomised sheep and LeRoux
et al. have studied medially meniscectomised dogs. In
laterally meniscectomised sheep, reductions in patellar
cartilage initial (34%), relaxed (32%) and unloaded (22%)
shear modulus34 have been found 12 weeks after lateral
meniscectomy. These changes were comparable to the 46%
reductions in patellar dynamic shear modulus seen 4months
post-medial meniscectomy in this study. More recently the
same group has found 60% reductions in lateral tibial
dynamic shear modulus (G*) 6 months after lateral menis-
cectomy35 and LeRoux et al.36 found 20e50% reductions in
compressive and shear moduli in themedial tibial cartilage of
medially meniscectomised dogs. The changes found in both
these studies are similar to the 50% reduction in medial tibial
G* seen in 4 months after meniscectomy in our study. While
our study showed a 30% reduction in contralateral (lateral)
tibialG* after medial meniscectomy signiﬁcant changeswere
not found in contralateral tibial cartilage G* in previous
work35. While the softening seen in the present study may
have been a result of serial arthroscopic assessments it is
likely that changes in G* did occur in the previous study but
did not reach statistical signiﬁcance due to the smaller
number of observations.
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thickness 6 months after lateral meniscectomy similar to the
40% increases in medial tibial AC thickness 4 months after
medial meniscectomy seen in our study. Similarly a 30%
increase in contralateral (medial) tibial cartilage thickness
after lateral meniscectomy in the previous study was similar
to the 40% increase in contralateral (lateral) tibial cartilage
thickness after medial meniscectomy in our study. This
ﬁnding is at odds with previous work by LeRoux et al.36
which failed to ﬁnd a difference in AC thickness in
unilaterally meniscectomised dogs. However, this might
be explained by the fact that they used contralateral un-
meniscectomised stiﬂe joints as internal controls in a het-
erogeneous population of mongrel dogs. It is possible that
alterations in gait and biomechanical stresses caused AC
thickening in ‘‘control’’ joints and that phenotypic variability
in mongrel dogs obscured signiﬁcant changes identiﬁed in
more homogeneous sheep populations.
While our study found reductions in SZ collagen
birefringence after medial meniscectomy at all articular
surfaces, the changes at the tibial surfaces were not
signiﬁcant. This supports the ﬁndings of LeRoux et al.36
who found no statistically signiﬁcant differences in menis-
cectomised medial tibial cartilage although the non-signif-
icant ﬁnding in that study might be explained by the fact that
only AC with in tact superﬁcial zone was evaluated.
This paper demonstrated that large changes in cartilage
stiffness and thickness occur throughout the joint after
meniscectomy and that the patterns of temporal change
varied by location. The widespread nature of these changes
suggests that substantial biomechanical insult was encoun-
tered at locations remote from the meniscectomy site.
However, the discrepancies between the distributions of
gross structural damage and biomechanical/thickness
changes suggest that cytokines (e.g., interleukin-1 or
tumour necrosis factor) also contributed to the widespread
changes and that the arthroscopic procedures performed
on the sheep may have had an effect on the AC [Fig. 4(a)].
There was a clear relationship between AC stiffness
(dynamic shear modulus) and macroscopic grade of AC
damage. Our ﬁndings conﬁrmed previous work by Hayes
and Mockros 1 showing that ﬁbrillated AC had lower shear
and compression moduli than macroscopically normal
AC37. However, we also found that macroscopically normal
AC in meniscectomised joints was 40% less stiff than truly
normal AC. Furthermore, an 80% reduction in dynamic
shear modulus was required for softening to become
evident macroscopically. This has implications for arthro-
scopic assessment of AC which are also performed with the
aid of a simple metal probe. The greater magniﬁcation of
arthroscopic images may compensate for the deﬁciencies
of macroscopic assessment, however, studies directly
comparing arthroscopic and biomechanical AC assess-
ments are required to resolve this issue. Histologically
ﬁbrillated AC was 50% less stiff than that with minor surface
abnormalities in keeping with previous work1. The zero
readings for exposed bone were clearly due to difﬁculties
applying the dynamic indentor to the base of chondral
ulcers. Chondro-osteophytes were found to be similar to AC
with normal appearance in meniscectomised joints (i.e., not
truly normal). Dynamic shear modulus was around 60% that
of truly normal AC from un-meniscectomised joints, pro-
teoglycan content 80% and SZ collagen birefringence
close was not reduced. The role of chondro-osteophyte in
OA is controversial. This ﬁnding suggests that chondro-
osteophytes are part of anabolic repair process performing
a compensatory function in the OA joint by improving jointstability38,39. However, it is also possible that they are
simply a response to injury. Our present ﬁndings conﬁrm
the importance of biomechanical forces in the development
of chondro-osteophytes since they were largest in closest
proximity to the primary biomechanical disturbance. The
molecular mechanisms responsible for osteophytosis are
largely unknown but growth factors such as TGF-B, BMP-2
and IGF-1 are thought to play an important role in their
growth and development22,23,40,41. While biomechanical
forces have a direct effect on chondrocyte differentiation
and proliferation it may be that the level of growth factor
production by these cells is directly related to gross
structural damage and that these factors are produced
and act at an autocrine/paracrine level [Fig. 4(a)].
Previous work has shown that collagen organisation and
proteoglycan content change considerably in meniscec-
tomy-induced models of OA35. This study directly compared
the relative contribution of collagen integrity and proteogly-
can to biomechanical properties of AC. The importance of
AC collagen integrity for the maintenance of cartilage
stiffness was conﬁrmed by the strong correlation between
birefringence and dynamic shear modulus (r ¼ 0:44). This
supports previous work by LeRoux et al. who also found
a strong correlation between collagen integrity (birefrin-
gence under polarised light) and shear properties36.
However, the contribution of proteoglycan content also
appeared to be important (r ¼ 0:42). While LeRoux et al.36
showed that sulfated GAG concentration contributes to
compressive modulus no previous work has shown a re-
lationship with dynamic shear modulus. The multivariate
analysis in this study showed that the relationship between
proteoglycan content and dynamic shear modulus was
independent of changes in collagen integrity although it
suggested that as collagen organisation (t ¼ 6:656) was the
stronger determinant of dynamic shear modulus with
proteoglycan content having a lesser contribution
(t ¼ 3:214). This ﬁnding was consistent with the theoretical
basis of AC biomechanics2. Strict blinding was in place
between measurements of collagen birefringence and
Fig. 4. (a) Overview of likely pathogenic processes in the ovine
stiﬂe joint after medial meniscectomy. Gross structural damage is
greatest in closest proximity to the primary biomechanical
disturbance. Growth factors produced in the subchondral bone in
proportion to the severity of gross structural damage act locally
resulting in chondro-osteophyte formation. Synovial production of
cytokines (e.g., IL-1 and TNF-a) results in widespread softening
and thickening of AC.
678 S. P. Oakley et al.: Assessment of articular cartilage in a sheep modelestimates of TB staining. However, TB staining intensity was
only an indirect measure of proteoglycan content and
estimates may have been inﬂuenced by the severity of
gross structural damage on histologic photomicrographs
resulting in overestimation of the strength of the relationship.
The strongest correlation was found between dynamic
shear modulus and AC thickness in spite of the fact that, for
an elastic solid, this property should be independent of
material thickness. There are two possible explanations for
this ﬁnding. Measurements of thickness in ﬁbrillated AC
may be less accurate because of surface roughening.
Alternatively, Hayes’ equation was developed on the
theoretical basis of an isotropic elastic solid. Cartilage,
being non-isotropic and poro-viscoelastic, is a highly
complex structure, and the Hayes equation does not take
into account these non-linear qualities.
The present study clearly identiﬁes ovine MMx model as
a useful setting in which the spectrum of the different
aspects of traumatically induced OA may be evaluated. The
medial articular surfaces are ideal for studying the most
severe degenerative changes and the development of
chondro-osteophytes. However, there was a strong ten-
dency for large changes followed by stabilisation at 4
weeks. Structure modifying osteoarthritis drugs (SMOADs)
will be required to have high potency and rapid onset if
efﬁcacy is to be demonstrated. Conversely, the changes in
the lateral compartment and the patella were generally less
progressive and more linear in nature. These dynamics may
more closely resemble primary human OA and may be
better suited for the evaluation of structure modifying drugs
that have a delayed or slow onset of action.
In summary this study found that medial meniscectomy
resulted in severe gross structural damage in closest
proximity to the disturbance in biomechanical loading of
the joint but that large changes in biomechanical properties
(stiffness), thickness and proteoglycan content were found
evenly throughout the joint. Collagen integrity contributes
more strongly to AC stiffness than does proteoglycan
content. Macroscopic assessments were insensitive to all
but the most severe reductions in cartilage stiffness with
important implications for arthroscopic assessments. The
use of this animal model coupled with the methodologic
approach described herein not only provides a means of
identifying some of the pathologic events in early OA
throughout the joint but also facilitates evaluation of new
treatment modalities.
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